We performed elementary kinetic simulations of Ni/YSZ SOFC anodes operating on methane containing fuels considering sulfur formation Performance and degradation under sulfur exposure were analyzed at both OCV and current load Adsorbed sulfur strongly impacts methane reforming suppressing hydrogen and carbon monoxide production 2 ABSTRACT This paper presents a detailed analysis of the influence of sulfur formation on performance and efficiency of Solid Oxide Fuel Cells (SOFC) operating on methane containing fuels. Our previously developed multi-step reaction mechanism of sulfur formation and oxidation is coupled with a complex heterogeneous mechanism of methane reforming, channel gas-flow, porous-media transport and elementary kinetic charge transfer and is used to describe sulfurinduced degradation and performance drops of Ni/YSZ anodes. Experimental literature data is used to validate the model and to interpret important aspects of cell performance degradation.
Introduction
The enormous usage of fossil fuels over the last decades has led to a large release of green-house gases negatively impacting the climate change. Thus, there is an increased need to develop alternative energy conversion technologies with a reduced carbon-footprint. In this regard, the Solid Oxide Fuel Cell (SOFC) is a promising alternative technology for future energy supply. Due to a high operating temperature range (800 K -1100 K), SOFCs are capable of utilizing a variety of fuels, such as natural gas, biomass gasification products, or syngas. [1] [2] [3] However, most of these fuels contain compounds undesired for SOFC operation. One of such substances is hydrogen sulfide (H 2 S), which causes drastic decrease of cell performance in a short period of time, particularly when a Ni/YSZ cermet is employed as anode material. Therefore, the major objective of this paper is to explore and interpret the influence of sulfur formation at the nickel surface of SOFC anodes on performance and in particular on methane reforming chemistry.
Numerous studies have experimentally investigated the influence of sulfur poisoning on Ni/YSZ anodes operated on H 2 /H 2 O fuel gas mixtures identifying the electrochemical hydrogen oxidation process to be severely hindered under these conditions. [4] [5] [6] [7] [8] [9] [10] However, in recent years, a growing number of studies have been dedicated to the investigation of sulfur poisoning of Ni/YSZ SOFC anodes operating on hydrocarbon-containing fuels, such as methane, [11] [12] [13] reformates, 14 syn- 15, 16 and biogas. 1 Regardless of the employed fuel gas mixture, in all experimental studies a rapid power output drop was observed already for H 2 S concentrations in the ppm range accompanied by a large increase in total anode resistance. 11, [13] [14] [15] 17 This drop is generally believed to be the result of the chemisorption of sulfur on the active surface sites resulting in a blockage of the electrochemical oxidation and internal catalytic reforming reactions. The removal of H 2 S from the gas feed usually leads to a complete recovery after short-time exposure. 13,18 4 It has been shown in several experimental studies that the reforming activity is poisoned to a larger extent than the electrochemical reactions strongly affecting the cell voltage already at open circuit voltage (OCV). 11, 13, 16, [18] [19] [20] [21] The increased sensitivity of steam reforming towards sulfur poisoning has been attributed to the preferred sulfur adsorption on step sites which are particularly active for methane reforming. 20 Generally, higher H 2 S concentrations lead to larger cell performance drops. However, constant cell performance is reached once sulfur approaches its saturation coverage on Ni. 13, 18 For example, an elimination of 60% of the initial reforming activity already at 4 ppm H 2 S content under OCV conditions was observed in a comprehensive study by Rasmussen et al. 13 Subsequently, the reforming activity was found to stay nearly constant for H 2 S concentrations of 20 ppm and higher. 13 They observed that under current density a maximum H 2 S concentration of only 7 -9 ppm was possible before the cell voltage broke down which led to cell failure. In a different study, it was demonstrated that sulfur poisoning has a major influence on both mass and charge transfer via impedance spectroscopy measurements. 18 It was shown that upon H 2 S exposure at low current densities, the increase of charge transfer/TPB polarization resistance dominates, whereas at higher current densities the increase of resistance due to mass transfer and fuel reforming processes is the main deactivation effect. Moreover, the possibility of fuel starvation already at low current densities due to the combined effect of deactivated reforming reactions and high fuel consumption was indicated. 13, 18 Several experimental studies have examined the sulfur poisoning of CO/H 2 /H 2 O gas mixtures in order to extract detailed information about the influence of sulfur on the water gas shift reaction, as a first step towards the elucidation of the poisoning of the methane steam reforming process. 14, 16, 22, 23 The results of these studies show that the water gas shift reaction is also affected more strongly than the electrochemical oxidation of hydrogen, which entails a lack of hydrogen for gas phase mixtures with high CO contents. 5 The magnitude of the performance drop has been found to be alleviated by increasing temperatures generally believed to be due to reduced surface sulfur coverage. 5, 7, 18, 24 However, controversial interpretations of experimental studies exist regarding the influence of current density on the sulfur poisoning of Ni-based anodes. First, the unusual effect of poisoning processes with current density was observed for simple H 2 /H 2 O gaseous mixtures. Several authors have reported a lower relative increase of total anode resistance for increasing current densities. 5, 6, 25 In these studies, the sulfur surface coverage was suggested to decrease with higher current density as to its electrochemical oxidation and subsequent desorption as SO 2 .
Recently, Cheng et al. have noted that in the Tafel region the relative increase of the total anode resistance due to sulfur poisoning inherently depends inversely on current density. 26 Thus, reduced sulfur surface coverage might not necessarily be the reason for the observed trend.
Other studies, involving methane containing fuels, have indeed observed a different behavior.
Upon poisoning of Ni/ScSz anodes, Yoshizumi et al. found a greater increase of anode overvoltage with increasing current density for operation with pre-reformed methane. 12 Moreover, Hagen et al. have indicated that increasing current density does not alleviate sulfur poisoning of electrochemical reactions during internal methane steam reforming. 18 Based upon the reviewed works above, it is evident that sulfur formation in the anode of SOFC, detrimentally influences the rate of reforming reactions, which is directly reflected in performance characteristics of the fuel cell. Thus, sulfur poisoning of SOFC fuelled with hydrocarbons is a complex phenomenon due to the interplay of many factors, such as heterogeneous catalytic reactions, charge-transfer, channel and porous media flow, and deactivation of active surface area and TPB.
To allow for a deeper understanding of the processes leading to sulfur poisoning, this study presents a modeling work of anode-supported SOFC operating on CH 4 /H 2 /H 2 O gas mixtures with different hydrogen sulfide (H 2 S) concentrations. Among many SOFC modeling works the thermal catalytic surface chemistry is neglected or represented as empirical global 6 chemistry, which precludes the establishment of the influence of sulfur formation. In this work we employ an elementary kinetic description of methane reforming chemistry and electrochemistry to account for the influence of sulfur formation on SOFC performance. In order to interpret experimental measurements, the previously developed kinetic model 24 is used comprising a detailed multi-step reaction mechanism of sulfur formation and oxidation at Ni/YSZ anodes.
Approach and modeling summary
Our previously developed elementary reaction mechanism 24 is applied to analyze experiments of Rasmussen et al., 13 which were conducted using Ni/YSZ based anode supported SOFC. These experiments stand for the most complete data set available at present and cover an extended range of operating conditions. The membrane-electrode assembly (MEA) used by where oxygen anions migrate from cathode to anode, (iv) an LSM/YSZ porous cathode (25 μm) , where oxygen gas is reduced to oxygen anions, and (v) a cathode supply channel, where air enters the cathode side delivering oxygen. The detailed description of the used SOFC configuration is given in Ref. 13 and briefly summarized in Table I .
Modeling summary.-The employed physical model is based upon our previously published approach 27 and has been successfully applied in different energy-related fields, 28, 29 thus, only a brief summary is given here. Fig. 1 illustrates the experimental cell configuration used in our model together with some of the physico-chemical processes in a schematic representation. 7 Fuel and air enter the cell through the channels parallel to the electrode surface and their flow is modeled based upon a plug-flow approximation using a 1D representation of the Navier-Stokes equation. At the anode side, when fuel reaches the catalyst, methane reforming proceeds via catalytic chemistry within the anode support structure. The reforming chemistry within the Ni-YSZ anode is coupled to sulfur formation/oxidation reactions and is modeled using an elementary kinetic reaction approach. The porous-phase transport within the electrode is modeled using Stefan-Maxwell diffusion and Darcy viscous flow. Gas-phase chemistry is neglected owing to very small reaction rates for methane reforming at temperatures below 1150 K. 30 The transport of ions through the electrolyte is included as charge conservation equation assuming a temperature-dependent ionic conductivity with constant ion and vacancy concentrations.
Many of the parameters are physical quantities that can be established. However, as with most models, other parameters are empirical. For example, anode specific surface area, TPB length, etc., are not measured independently. They are rather adjusted to provide a good representation of measured polarization characteristics over a certain range of operating conditions. It is possible to estimate effective parameters such as the porous-media tortuosity and porosity using detailed microstructural modeling. 31 However, we follow the approach of adjusting these parameters to assist with representing concentration polarization at high current density.
Since the elemental sulfur formed on the surface reduces the active Ni area we assume its dependency on sulfur coverage as follows
where V Ni
A describes the volume-specific surface area,
A denotes the initial volume-specific surface area and θ(S Ni ) is the sulfur coverage on the Ni surface. 8 Since the adsorption of atomic sulfur on the Ni surface occurs on hexagonal closed packed (hcp) and face centered cubic (fcc) sites 32 with strong lateral repulsion, it reflects in significant active surface blockage. Experimental investigations of the sulfur surface structure on Ni catalysts have shown that the surface structure continuously changes with coverage and that especially for high sulfur surface coverages numerous complex surface patterns can be formed that are only stable in a small coverage range. 33, 34 However, modeling this highly nonlinear relationship between sulfur coverage and blocked surface area at such a high level of resolution would be virtually impossible. In our study we have employed an inversely exponential approach which has proven to capture this effect well for the whole investigated sulfur coverage range. In order to account for the atomic level interaction between adsorbed sulfur and active surface area a steric coefficient a is used in equation 1, which is set to the constant value nine for all simulations.
Simulation methodology.-Simulations were carried out using the in-house software package DENIS. All model equations used in the present modeling and simulation work are thoroughly described in Refs. 27, 35 Spatial derivatives are discretized using the finite-volume method and the resulting differential-algebraic equation (DAE) system is integrated using the semi-implicit extrapolation solver LIMEX. 36 In the present work, transient and steady-state problems were solved both of which emerging during SOFC characterization. Electrochemical impedance spectra are simulated using a potential step and current relaxation technique. Heterogeneous and charge-transfer chemistry.-As discussed above, the inlet gas mixture at the anode side consists of CH 4 , H 2 , H 2 O and H 2 S gases, and after reforming on the Ni catalyst furthermore contains the four additional gas phase species CO, CO 2 , O 2 and SO 2 .
In order to describe this complicated heterogeneous mechanism, we have combined two validated reaction mechanisms: first, the full methane reforming mechanism on the nickel surface consisting of 42 surface reactions among 6 gas phase species and 14 surface-adsorbed species, 38, 39 and second, the recently developed elementary kinetic mechanism of sulfur formation/oxidation on the nickel surface including charge-transfer between Ni and YSZ and heterogeneous chemistry on YSZ. 24 LSM/YSZ cathode electrochemistry is modeled using a global Butler-Volmer approach according to Zhu et al. 40 Since all relevant thermodynamic and kinetic data are thoroughly described in the references given above, it is not repeated here. However, a schematic illustration of the coupled mechanisms of methane reforming and sulfur poisoning is shown in Fig. 2 . In this figure the methane reforming steps are shown on the right in black, whereas H 2 S dissociation and SO 2 formation, which leads to the degradation of the cell, is shown in bold and blue on the left of the schema.
In order to obtain a physically meaningful description of SOFC anode poisoning by the formation of surface sulfur, a thermodynamic and kinetic data set for the respective reaction species and elementary reactions was derived. 24 It consists of hydrogen sulfide adsorption and dissociation on Ni surface with consecutive sulfur oxidation. All thermodynamic and kinetic data was derived based on literature available first-principles density functional theory (DFT) calculations and chemical reactor experiments. Regarding the thermodynamic data of nickel-adsorbed sulfur, a coverage-dependent enthalpy was assumed, which was derived based on H 2 S adsorption isotherms for a variety of conditions.
The employed methane reforming mechanism was developed to describe steam reforming (SR), partial oxidation (POX) and dry reforming (DR) of methane on the Ni surface.
From an elementary kinetic point of view, all of these chemical processes are based on identi-10 cal elementary steps. 41, 42 Therefore, it is evident that SR, POX and DR cannot be seen as three independent reaction pathways, and they are inherently coupled forming a complex heterogeneous chemical reaction mechanism. The dominating process among these three global reactions is determined by a number of factors, all of which are interdependent: (a) the gas-phase composition and, therefore, the availability and ratio of surface species, (b) the reaction kinetics and mobility of the surface species, which depend on temperature and the materials system, (c) the location of the adsorption reactions relative to the three-phase boundary (adjacent or distant to the three-phase boundary), (d) the location within the porous anode (close to the supply channel or to the electrolyte). For that reason, one of the aims of the present work is to establish the influence of sulfur formation on the heterogeneous chemistry. Complex simulations of experimental electrochemical measurements are performed to analyze this influence, taking into account an elementary kinetic surface mechanism coupled to electrochemistry, additional degradation processes and transport phenomena at different scales.
Charge-transfer chemistry is also modeled using an elementary kinetic approach as described in our previous work. 24, 43 The charge-transfer reaction occurs via hydrogen spillover that transfers a proton from Ni to a hydroxyl ion on YSZ forming water and delivering one electron to the Ni.
Results and Discussion
In order to verify our developed model and its base parameter set, we have validated it against electrochemical measurements of Rasmussen et al. 13 using the system without sulfurcontaining gases. Firstly, we simulated the I-V curve of an anode-supported cell and, subsequently, voltage stability tests at different conditions were reproduced. Figure 3 illustrates the predicted polarization features of the nominal MEA structure (see Table I ) operating on CH 4 In the following, two cases will be discussed. First, the comparison of our model predictions with the electrochemical results under OCV (no voltage applied), and second, the comparison between simulated and experimental results for certain applied biases.
Cell operation at open circuit.-This section shows the comparison between our simulations and sulfur poisoning experiments by Rasmussen et al. 13 for a temperature of 1123 K at OCV. First, the OCV stability tests over 270 hours are reproduced in which the model is run with time-varying inputs monitoring different electrochemical performance changes. Figure 4 shows the results of the transient simulations for a 29 % CH 4 , 13 % H 2 , 58 % H 2 O gas mixture containing 2, 4, 7, 9, 20 and 24 ppm of H 2 S. At the beginning, up to 6 hours, the OCV has a constant value of 0.995 V, as long as no H 2 S has been introduced to the system. However, starting from 7 hours the OCV gradually decreases over 43 hours upon operation with a constant H 2 S concentration of 2 ppm. After about 30-40 h of H 2 S exposure the cell voltage reaches a constant value. In the following, the increase of H 2 S concentration initially leads to a further decrease of voltage, however, for H 2 S concentrations higher than 20 ppm the cell voltage stabilizes. Moreover, the initial decrease of cell voltage for 2 ppm H 2 S proceeds at a much lower rate than the subsequent drops with increasing H 2 S concentrations. A removal of 12 H 2 S from the feed gas results in a nearly complete voltage recovery in the experiments. The slight overestimation of the simulated OCV after the recovery is probably due to a certain extent of irreversible degradation which was not accounted for in our simulations. Nevertheless, Fig. 4 shows a very good overall agreement between experiments and simulations over the whole investigated time period.
In the original paper, Rasmussen et al. have indicated hindered methane steam reforming and the associated change of the gas phase composition to be the reasons for the cell voltage decrease and its stabilization to be due to the saturation of sulfur surface coverage. In order to allow for an in-depth analysis of this explanation, we have simulated the evolution of the mean coverage of selected Ni surface species over 270 hours corresponding to the OCV stability test from Fig. 4 . The results depicted in Figure 5 show that the initial addition of 2 ppm H 2 S leads to a significant increase in sulfur coverage and a simultaneous reduction of hydrogen and CO coverage. Subsequently, with a further increase in H 2 S concentration sulfur surface coverage approaches its saturation value of 0.5 ML 44 and the hydrogen and CO coverage stabilize. It can be seen that after the introduction of 2 ppm H 2 S the cell voltage reduction and the increase of sulfur coverage happen simultaneously. The comparatively slow rate of this initial poisoning process is likely to be due to the only gradual replacement of the original surface adsorbates with corresponding slow desorption rates. This takes a particularly long time, as the initial poisoning entails by far the largest increase in sulfur coverage.
In order to further interpret the actual influence of sulfur formation on heterogeneous reforming chemistry and cell performance, the predicted gas phase species distributions in the channel and within the anode structure for the time points of 6 h, 50 h and 220 h (corresponding to H 2 S exposure of 0, 2 and 24 ppm) are illustrated in Fig. 6a,b,c . Along the length of the channel, methane is catalytically reformed to produce CO and H 2 in all three cases. Gaseous H 2 O is the most abundant gas phase species at the channel inlet and takes part in two important catalytic processes on the Ni surface. One of them is the CH 4 steam reforming reac-13 tion and the second is the water-gas shift reaction (WGS), where CO and H 2 O are converted into H 2 and CO 2 . Carbon dioxide, which is mainly a reaction product of WGS, additionally participates in the dry reforming of CH 4 to form CO and H 2 .
For the non-sulfur system depicted in Fig. 6a , full methane conversion (steam reforming) is reached quickly leading to equilibrated gas-phase profiles along the channel after already about one third of its length. The analysis of the gas-phase profiles in the channel shows that the dry reforming reaction rate is smaller than that of WGS, as there is a certain formation of CO 2 which was absent in the initial fuel gas mixture. However, the equilibrium partial pressure of CO 2 is comparatively low due to the high hydrogen gas phase concentration promoting the reverse water gas shift reaction (r-WGS).
As shown in Fig. 6b , the introduction of 2 ppm H 2 S particularly reduces methane conversion at the fuel inlet. At a channel length of approximately 0.75 cm, the methane conversion rate starts to increase strongly and the gas phase composition approaches the equilibrium composition as shown at the outlet of Fig. 6a .
It is known from catalysis that sulfur coverage on Ni can be described by the Temkin isotherm and was shown to be a function of hydrogen partial pressure. 37 Thus, the severe hindrance of methane conversion at the inlet of the channel can be explained with a comparatively high sulfur surface coverage on Ni at the channel inlet and the corresponding blockage of the active surface area. The initial formation of H 2 gas from methane conversion is very slow, but initiates a domino effect where the sulfur coverage decreases with increasing H 2 partial pressure inducing an acceleration of methane conversion.
Even though methane is nearly fully converted at the fuel outlet, the low H 2 concentration at the fuel inlet entails a smaller local electromotive force compared to Fig. 6a leading to the measured cell voltage drop. With a further increase of H 2 S concentration to 24 ppm, the poisoning behavior becomes even more severe. The gas phase profile at the beginning resembles the imposed inlet 14 gas phase concentration and only changes slowly along the channel. There is only a small formation of CO and CO 2 gases towards the end of the channel demonstrating strongly reduced reforming activity. The initiation of the domino effect described for the system exposed to 2 ppm H 2 S is now even further shifted toward the channel outlet as can be seen in Fig. 6c .
However, at the fuel outlet, the partial pressures of the gas phase species are still far-off from equilibrium. Thus, the local electromotive force is now reduced over the whole length of the channel causing an even more severe voltage drop.
In order to further understand the spatial evolution of the poisoning behavior, the methane conversion values at the channel inlet, channel outlet and an average over the whole cell were calculated and are depicted in Fig. 7 . The methane conversion given in the original paper determined based on the measured OCV, is in good agreement with the averaged methane conversion values shown in Fig. 7 . However, in order to allow for a more spatially resolved analysis, it was additionally distinguished between methane conversion at the inlet and outlet.
At the channel inlet methane conversion is dramatically reduced and nearly completely blocked already for the lowest H 2 S concentration of 2 ppm. As the H 2 S concentration is further increased methane conversion at the inlet approaches 0 %. However, there is still significant methane conversion at the outlet even for the largest investigated hydrogen sulfide concentrations. In the original paper, a methane conversion of 15 % was calculated for 24 ppm H 2 S based on OCV measurements. The more detailed calculations depicted in Fig. 7 show that this value refers to the average conversion over the cell whereas the conversion at the outlet is considerably higher. Yet, its value is also decreasing with higher H 2 S concentrations which would ultimately lead to an almost complete blockage of methane steam reforming reactions.
Previous studies have reported the increased sensitivity of methane reforming towards sulfur poisoning compared to the electrochemical hydrogen oxidation. 13, 19 Based on the given analysis, this is indeed the case as even for a full monolayer of sulfur on Ni the electrochemi- 15 cal reactions are still active 5, 7, 24 whereas methane steam reforming is nearly completely blocked.
Cell operation under polarization.-In the second part of this work, we describe SOFC performance degradation due to sulfur formation under current load. All parameters (geometry, (electro-)chemistry) are the same as in the last section. First, three examples at constant current density of 1 A·cm serve to demonstrate the capabilities of the model. Subsequently, the gas phase species distribution across the cell is shown to allow for a more detailed analysis of the poisoning behavior. Then, the reproduction of impedance spectra before and after H 2 S addition is shown in order to further establish the model's physically meaningful predictive capabilities.
As described by Rasmussen et . In test 3 the same fuel gas mixture as in test 2 was employed. However, the initial cell voltage was slightly higher which was accounted for by a higher initial TPB length in our model. A steam to carbon ratio equal or greater than 2 was maintained in all three tests, hence, preventing coke formation. Figure 8 illustrates the comparison between the model predictions and the experimental measurements for these three tests. There are two distinguished regions in the results shown in Fig. 8 . First, time periods with cell operation in the absence of H 2 S, where constant slow cell degradation is observed and second, periods exhibiting the characteristic cell voltage reduction after introduction of different H 2 S concentrations to the anode gas. After switching off the H 2 S supply the cell voltage regenerates quickly to a level consistent with the overall degradation observed for operation without H 2 S.
Already for cell operation in the absence of sulfur, a slow overall cell degradation can 16 be observed which, hence is not sulfur-related. There are many possible reasons for this gradual degradation process, however, in general most of them are associated with decreasing TPB length. Thus, due to limited data available on the actual rate and type of these processes, we modeled the overall cell degradation via a continuous reduction of TPB length. Thus, in the present model we assume that the TPB length of the anode decreases by the following
where V Ni/YSZ l is the TPB length of the Ni/YSZ phase, a subscript 0 denotes the initial TPB length, t is time and is the time constant which is set to 700 h. This can be considered to be a reasonable approach for the present work, since it is not the primary aim of this study to investigate long-term non sulfur related degradation.
In order to study the influence of the initial CH 4 concentration, in test 1 the fuel gas contained a significantly higher H 2 concentration than in the previous section, and tests 2 and 3. As it can be seen in Fig. 8 power density and 57 % fuel utilization. These conditions are maintained for 450 hours until H 2 S is introduced to the system. After 450 hours, when H 2 S is introduced to the system, the cell voltage drops from 667 mV to 590 mV over a 24 hour period. Due to the maintenance of the constant current density, the H 2 utilization increases within the cell.
It can be seen that there is a good agreement between simulations and experiments for all three tests. The respective voltage drops could accurately be modeled by sulfur formation on the Ni surface. Thus, it can be concluded that their whole extent over a 24 hour poisoning period is solely due to sulfur chemisorption on Ni and the associated surface site blockage.
Rasmussen et al. have explained the experimentally observed cell voltage breakdown and the associated cell failure in test 1 after the last period of anode exposure to H 2 S by nickel oxidation due to local fuel starvation at these conditions. Furthermore, the introduction of 9 ppm H 2 S to the fuel gas in test 3 led to an almost immediate cell voltage drop below 450mV resulting in an automatic current turn off. Subsequently, after the same current load was applied again the anode exposure to 7 ppm H 2 S triggered a turn off of current as well. In accordance with the experiments in our simulations for 9 ppm H 2 S a cell voltage drop below 450 mV was calculated. However, the subsequent performance drop for 7 ppm H 2 S clearly results in a final voltage greater than 450 mV. The authors of the original paper have explained the experimental behavior by the high fuel utilization of > 90% leading to Ni oxidation. We have not attempted to account for these Ni oxidation processes in the present model, thus, it comes to a deviation between experiment and simulation in the mentioned cases. Rasmussen et al. have observed the recovery of the cells in the methane-containing fuel to be faster than the recovery in H 2 /H 2 O fuel indicating a faster sulfur removal from the surface. This characteristic behavior was also successfully reproduced with the employed model. Taking into account the observation of the domino effect-like behavior illustrated in Fig. 6 , the rapid recovery in methane-containing fuel is suggested to be due to an increase of hydrogen partial pressure as the surface area becomes gradually available again for methane reforming.
A further analysis of the results presented in Fig. 8b is shown in Fig. 9 . Similarly to the results shown in Fig. 6 , the gas species distribution is plotted for the channel (horizontal panel) and the anode (drop down vertical panel for three positions within the channel). Fig. 9a shows results for the system without the presence of H 2 S in the gas phase, and Fig. 9b illus-18 trates the sulfur poisoning effect for an H 2 S gas phase concentration of 2 ppm. Fig. 9a shows that as methane enters the channel, it is rapidly reformed to H 2 and CO. Two local maxima can be observed in the H 2 and CO mole fractions at approximately 0.5 cm after the channel inlet. These maxima can be attributed to the fact that reforming chemistry consumes CH 4 faster than H 2 is oxidized electrochemically. As soon as methane is completely converted, the partial pressure of hydrogen starts to decrease due to its electrochemical oxidation. The accompanying accumulation of steam in the anode also leads to a promotion of the WGS reaction. Thus, the evolution of the concentrations of CO and H 2 display the same trends. It shall be pointed out at this point that even though it is possible to achieve stable SOFC performance with CO/CO 2 mixtures, 46, 47 it was shown that in reformate-fueled ASCs only hydrogen is oxidized due to the rapid kinetics of the water gas shift reaction on Ni. 48 Hence, the evolution of the gas phase concentrations of CO and CO 2 is only related to the reforming reactions.
Along the whole length of the channel, as a result of the generally increased water content and thus, shifted WGS equilibrium, the mole fraction of CO 2 is higher and the mole fraction of CO is lower than at OCV.
Analogous to Fig. 6b , exposure of the anode to H 2 S shifts the main reaction zone of methane reforming towards the middle of the channel. As hydrogen is still electrochemically oxidized at the channel inlet, its mole fraction reaches a minimum at around one third of the channel length. The existence of this minimum clearly demonstrates the increased sensitivity of methane steam reforming towards sulfur poisoning in comparison to the electrochemical hydrogen oxidation reactions. It can be concluded that a further increase in H 2 S concentration would eventually lead to a nearly complete lack of hydrogen in some parts of the anode and thus, a corresponding oxidation of the Ni particles.
Once the reforming reactions are initiated, the hydrogen mole fraction increases and reaches a maximum at full methane conversion. As a consequence of the large water content in the system and the resulting promotion of the WGS reaction, the CO 2 mole fraction at the 19 channel end is greater under polarization than at OCV conditions.
At this point it should be noted that the formation of NiO is certainly possible for the conditions observed in Fig. 8c . As it is mentioned above, the exposure of the system to 7 ppm Hz. This effect has already been observed in previous studies and was related to hindered charge transfer and surface chemistry processes. 13, 18, 24 In order to shed light on the mechanistic understanding of the surface processes leading to sulfur poisoning of SOFC operated with methane, the sulfur surface coverage on Ni depending on the cell current density is shown in Fig. 11 . It should be noted that the depicted surface coverage values were obtained after the completion of the cell voltage drop as depict-20 ed in Fig. 8b for steady-state conditions. No overall cell degradation was assumed to occur during the respective calculations, i.e. the TPB length was held constant. It can be seen that sulfur surface coverage is increasing with current density. At high current densities, sulfur coverage is already close to saturation (0.5 ML) for 2 ppm demonstrating the high sensitivity of methane-fueled Ni/YSZ anodes towards sulfur poisoning. In our recent kinetic study we have already observed a similar behavior in H 2 /H 2 O fuels as well, where we have related the increase in sulfur coverage to the enhanced electrochemical hydrogen oxidation at high current densities and the associated hydrogen removal from the surface. 24 In contrast to multiple experimental sources suggesting a decrease of sulfur coverage with current density we have shown the opposite behavior while successfully reproducing experimental data over a wide range of operating conditions. This behavior was already recently questioned in both experimental and theoretical studies. 18, 26, 49 For example, Cheng et al. have indicated that a decreasing relative total anode resistance with current density is the inherent behavior of the Tafel region. 26 In both our recent and our present study good agreement between experiments and simulation was achieved without the inclusion of an electrochemical sulfur oxidation reaction, the macroscopic impact of such a hypothetical process can be put into question. As shown in Fig. 9b the increasing rate of hydrogen oxidation decreases the hydrogen partial pressure in the gas phase which lowers the driving force of sulfur removal as equilibrium in Eq. 3 is shifted to the left.
S Ni + H 2,g H 2 S + Ni [3] In this regard, the reduced partial pressure of hydrogen in the gas phase has two convoluted effects: first, the increase of sulfur coverage as a result of a shifted equilibrium in the above reaction and second, the decrease of the local electromotive force between anode and cathode which appears due to the altered gas phase composition in the anode.
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Summary and Conclusions
We have presented an elementary kinetic model to represent degradation caused by sulfur poisoning in the porous Ni/YSZ anode of anode-supported SOFC operated on methanecontaining fuels. Our previously developed detailed multi-step reaction mechanism of sulfur formation and oxidation was coupled with complex heterogeneous methane reforming chemistry, channel gas-flow, porous-media transport and elementary charge-transfer chemistry, to illustrate important aspects of SOFC cell performance degradation. Throughout the work, an elementary kinetic approach was used which allows for a mechanistic interpretation of the experimentally observed poisoning behavior. anodes to sulfur poisoning in methane-containing fuels was explained by a restricted supply of fuel gases. Furthermore, sulfur coverage on Ni was shown to increase with current density. 22 The developed model will form the basis for future investigations on the interplay between sulfur poisoning and carbon formation at the Ni/YSZ anode and on the sulfur poisoning of the water gas shift reaction. When another gas phase composition is used, it is described in the respective section 30 Figure Captions 
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